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_C) @J Astro-E2/XRS Microcalorimeter Array

Baseline array for Astro-E2/XRS:

2 x 16 “bilinear” array
Rectangular pixels
12 eV resolution

Have two bilinear arrays that have

successfully passed acceptance
testing.

Possibility of square array with
higher spectral resolution.

New design also offers many
other benefits.
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y Q(\_)) I Significantly Improved Energy Resolution

S9Fe source

Energy resolution is close to
theoretical limit of ideal

detector and about a factor of 2 60
times better than bilinear array.

Bilinear
12 eV

Factor of 2 improvement allows 20

Fe-K lines, a key diagnostic for 2 1N
Astro-E2, to be almost fully o U s870 5880 5800 5000 5910 5920 5930
resolved. @

20
Extends diagnostic capabilities 15

to lighter elements, and

improves sensitivity to trace
elements and velocity 50
measurements.
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@} Summary of Benefits of Adopting 2-D Array

Elimination of 1/f noise gives x 2 higher spectral resolution

Faster pulse response gives x 2 higher margin against pulse-pileup
Improved resolution uniformity for easier calibration and data analysis
Improved mechanical margins against crack initiation in Si
Fully-covered pixels effectively extends spectral band to lower energies
Two order of magnitude improvement in detector heat sinking

Improved in-flight calibration system increases instrument sensitivity

C O 0O 0 0 0 0 O

Better match to x-ray optics for increased photon detection efficiency

Working with NASA HQ to facilitate implementation
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Top-Level Requirement

Q’O“’@) Detector Requirements

Derived Requirement

Energy Resolution R el B U9 ke same
9y keV (2 eV at 6 keV)
15” HPD 5”
Pixel Size 1/3 of HPD > -
- 250 um
Field of View 2.5 arcmin 30 x 30 array
TBD, but approximately: 7
Detection Efficiency Provide top level A 4 QE > 90% at 6 keV
array fill factor > 90% N
Counting Rate hanc!le up to 1000 Tois = 100 - 300 psec
! ! cps/pixel !
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@) TES Array Concepts

Bi/Cu absorber

GSFC Approach

\ /

U\ /

TES

nitride membrane with slits to
define weak link

\ Si substrate
micro-via __—7
NIST Idea:
Membrane TES Wiring
/ Substrate
SQuUID

Bump-bond to separate
fan-out/SQUID board
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NTD Ge Microcalorimeter Array

P -

Top cover

Filter mounting holes

Stackqd sapphire wafers

(Sroove shié]&f[gm
stray radi ™

Schematic representation of a 3 x 3 array

X-ray absorber

Aluminum leads

Sapphire substrate
Gold traces ‘
NTD thermistor Stacked sapphire
substrates
Front View Side View Top View

SAO
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R.L. Kelley

) Calorimeter Technology Roadmap

FY02 FY03

FY04

FYO05

FY06

FYO07

SINGLE PIXEL OPTIMIZATIO

ARRAY STRUCTURES

4 PIXEL ARRAY]|

ARRAY READOUT SYSTEM

DEM

—
A

(TES & NTD)

ONSTRATION

8 x 8 ARRAY (TES & N]

I 32 X 37

3 x 32§

DETEGTOR S

ENGINEERING

ﬂPROTOTYPE

D)

ARRAY

S5YSTEM

YSTEMS

MODEL

A

A

A

Inst AO

Inst Award

Mission
PDR/NAR

" <> Critical Technology Milestone

© Technology Readiness Level (TRL) ||

Mission
CDR
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R.L. Kelley

Supplemental Material
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4 @) X-ray Microcalorimeter

Semiconductor Thermometer

>

(Doped Ge or Si)

X-ray Photon

TEMFPERATURE

Resistance

Thermometer

Temperature

Superconducting Transition
4 Edge Thermometer

]
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@ Overall Status

Thermometer Types: Energy Resolution
Al/Ag, Mo/Au, Mo/Cu TES 2.0-25eV at 1.5 keV
NTD Ge semiconductor 4-6 eV atbkeV

Array Size

Only single pixel test results thus far (but small arrays have been fabricated)

Counting rate
Pulse decay time constants of ~ 300 usec

Readout Schemes
32 channel XRS system, analytical designs for larger JFET systems; MUX
designs and functional systems for IR TES.

For TRL-6, we need to demonstrate

« 2-4 eV at 6 keV (and below) with high degree of pixel-pixel uniformity
« Robust array scheme with high-yield process.

« Faster pulses (< 300 usec)

« Large array readout schemes compatible with extended life mission.
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e
- | Recent Progress and Issues
(&),
SFC:

Electrical contact to TES. s
Poor step coverage with sputtered Nb Mo/Au TES\ |

leads.

Have several recovery approaches;
Aluminum leads are working, but we
need to pursue a robust solution.

Nb conta

/

e

Undercutting of bilayer
Produced TES protection mask to protect Mo during certain etch steps.

Pin hole defects in Au layer of bilayer
Solved problem with tungsten crucible w/Ta pellets.

Bilayer thickness optimization
Continuing studies w.r.t. heat capacity, R
reproducibility.

I demonstrate

normal’ ‘critical’
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R(ED)

Recent Progress and Issues (cont.)

o Impedance measurements yield
device parameters:
= Measured Free parameters and
é 5 parameters statistical errors
£ G=344 pW/K o=172.3+/-0.7
] [,=29.5 nA = 0.8518+/- 0.0008
] R=2.05 m£ (C=(2.034 +/- 0.008) pJ/K
R =1.45 ohms L=(262.9 +/- 0.6) nH
15 10 5 0 5 10 T =08.5 mK
Re[z] (ma) 0 ==
1.0+ |
287  BCS heat capacity 05 Z(f)= R_\. +i(2mf )L + Z-]-].;g(f} /
26 - . 4
2,4{ 004 |
< EE: 05 L
3 16l T ~ .1
& 1.6_- T o104 |
2 14] ST % 5 \'\ reduced y?=1.2
& 121 normal metal capacity E \
Q 104 2.0
(1] ]
(&) 08 _25_'
© oe Systematic error: ]
Lo 459 304
0.2 4 4
0.0 ] T T T T T T T T T T T T T T T T T T T 1 _35 T T T T T T T 1
0 10 20 30 40 50 60 70 80 a0 100 2 -1 0 2 3 4 5 53
resistance (% R/RN) Re[Z] (mQ)
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4-channel, 2-stage SQUID readout

24 Recent Progress and Issues (cont.)

Installed in dilution refrigerator

R.L. Kelley

SQUID Array

Detector Box

1st stage SQUID board

Detect board

Con-X Facility Science Team Meeting -

CfA - September 18-19, 2002
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_Q) @) Recent Progress and Issues (cont.)

NIST:

Complete fabrication of 8x8 array of TES detectors using MEMS structures
for the four-pixel demo.

Two of the inner 8-pixel columns and
the inner four pixels are
instrumented with electrical leads.
Under-pixel wiring layers are not yet
implemented. If it works, an array
like this would be used in the NIST
four-pixel demo.

e e

Array chips were fabricated both with
and without Bismuth absorbers.
Single pixels from the arrays will be
tested over the next month. A
photograph of a completed 8x8
array:

R.L. Kelley Con-X Facility Science Team Meeting - CfA - September 18-19, 2002
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@ Recent Progress and Issues (cont.)

Tested new, dedicated superconducting bilayer deposition system.

Fabricated films with target transition temperatures of close to 100
mK. Demonstrated run-to-run and across-wafer transition
temperature variation of <~5 mK (1 o).

Recently commissioned a second ADR for array testing. Now
commissioning a third ADR for fast-cycling screening and
measurements of transition temperature.

Progressing toward increasing bandwidth of TES MUX electronics
from 3 MHz to 50 MHz.

R.L. Kelley Con-X Facility Science Team Meeting - CfA - September 18-19, 2002
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COZAV < Recent Progress and Issues (cont.
RES 9 o

NTD work at SAQO:

Four preamplifiers were fabricated and tested successfully
The 2-stage ADR for the 4 pixel demo is under construction

Have built some new devices with a thin layer of gold on the tin
absorber to test the thermalization properties

We are investigating the effects of impurities in the tin absorber to
improve the reproducibility of the temporal response of the detectors

R.L. Kelley Con-X Facility Science Team Meeting - CfA - September 18-19, 2002
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TES 2x2 Demo Schedule

Aug-02 Sept-02 Oct-02 Nov-02 Dec-02 Jan-02

Develop TES contacts

Aluminum/Titanium leads

lon mill

Integrated leads
I | -ads first

TES undercut development

TES gold deposition optimization (using Tungsten Crucible)

I Finalize TES masks
I Process TES arrays

I Cotch #1 [ Botch n (* 5)

2-stage testing

Assemble 4-channel electronics and data acquisition software modification

Test 4-channel electronics w/2-stage

I <t and available TES arrays
I - channel demo

R.L. Kelley Con-X Facility Science Team Meeting - CfA - September 18-19, 2002
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Preliminary TES 2x8 Demo Schedule

FY05

FY02 FY03

FY04

Sept |Oct Nov Dec Jan Feb Mar Apr May Jun Jul

Aug Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

8x8 Array

Feb 1
_ Layout of 8x8 array (NIST and GSFC in parallel

InterfaceN8x8 Array to 2 x 8 MUX
I
‘Sep“ Agree to MUX mounting scheme, footprint and layout; how many single pixels to instrument

4K GSFC MUX Platform (practical experience and software development)

‘Sept1 GSFC 4K MUX platform design

Jan 15
Design, build, test GSFC 4K MUX platform

‘ GSFC 4K MUX platform operational with SQUIDs and electronics

Electronics and Software

Feb 1
Design, build, test 2x8 MUX electronics and control software

Code and test software I/F into pulse processing software

TES S/W CDP and ??? equivalent GSE

2x8 quo Platform

Oct 1
I Design detector front-end assembly, cable harness and feed-throughs

Aug 1

I Suild and procure platform components
Feb 1

Array production

‘ First successful 8x8 array

Assemble and test 2x8 demo platform
’ 2x8 demo platform ready for use

Feb 1 Jun 1 .
System test 8x8 array wit

‘ 2X8 demo

h 2x8 MUX

R.L. Kelley

Con-X Facility Science Team Meeting - CfA - September 18-19, 2002
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KRGS

TES TRL-6 Costs ($K in FY02)

Development Area FY03 | FY04 | FYO05 i
Thermal Conductance & Cross talk 137 0 0 137 |
Noise 193 0 0 193 i
Basic process, materials, and integration 735 946 922 2,603 |
Absorber Development 103 0 0 103 i
Electrical Cross Talk 73 0 0 73 :
Micro-vias and Interconnects 139 235 237 611
SQUID and MUX Chips 350 350 350 1050 T
MUX and Digital Processing Electronics 414 435 363 1212 T
Radiation Environment Studies 74 160 249 483 |
Thermal Staging/Detector Assembly 178 215 155 548 |
Wiring and B-field Shielding 50 51 52 153 |
Y 2 x 8 and 3 x 32 demonstrations y143 y429 y243  y815 :V
Total required funding: 2,589 2,821 2,571 7,981
v Total required from Con-X project: 2,019 2,521 2,571 7,111 »v

R.L. Kelley Con-X Facility Science Team Meeting - CfA - September 18-19, 2002
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R.L. Kelley

NTD Germanium Microcalorimeter Development (revised August 13, 2002)

Simgle Pixel Optimizari-:ln'

Readout Systam Development
Design & fabricats 16 fight functional preamplifiers
Fabrizate 16 analeg pulss processing channels

Fabrizate 4 ADC multiplexers
Develap softwars for multiplessd readout

1 X 4 Array Structures Fabrication and Testing
Fab and tast NTD alone

Wedge bonded leads

Flying leads

Ewaluata pulse profilas

Combing NTD with tin absorber
Prepare the tin absorber using alternative techniques

Ewaluate pulzse profiles
Fabricats 1:x 4 array
Wedge bonded leads using optimized tin absarber
Test 4 channels with ADC multiplexear
Flying leads using optimized tin absorber
Tin dimensions are 0.25 mm x 0.25 mm
Test 4 channels with ADC multiplexsr
4% 4 Array Structures Fabrication and Testing
F abricate fancut, array halders and connectors
Fabricate individual 1 X 4 arrays
Stack the 1 X 4 arrays
Test 16 channals with 4 ADC multiplaxzers
Evaluate crosstalk, performance uniformity and stakbility
Evaluate count rate performance

Environmental Testing

Random Vibration

Thermal-vacuum CEIinq

1

3

Cd

| (55 13

G4

o N |D

Q2
J IF IM

MR

mAE

0z
ETNEORFMEn]

[ E

1o

= |

" Single pixel optimization is being camied out using SRAT funds
Con-X Facility Science Team Meeting - CfA - September 18-19, 2002
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NTD Budget for FY2003

Budget Summary for Research Proposal
Year 2
Total Period of Performance from October 1, 2002 to September 30, 2003
NASA USE ONLY
A B C

1. Direct Labor (salaries, wages, and $136,476

fringe benefits.)
2. Other Direct Costs:

a. Subcontracts 289,120

b. Consultants 0

¢. Equipment 49,920

d. Supplies 87,724

e. Travel 5,412

f. Other 37,037
3. Indirect Costs 71,800
4. Other Applicable Costs 0
5. Subtotal -- Estimated Costs 677,489
6. Less Proposed Cost Sharing (if any)
7. Carryover Funds (if any)

a. Anticipated amount:

b. Amount used to reduce budget
8. Total Estimated Costs $677,489
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i (C \__))! TES Milestones, continued

FY04

Design detector front-end assembly
Build up test platform for 3 x 32 demo

FYO0S5

Build and qualify 32 x 32 array

* individual pixel performance

« perform component vibration

* repeated thermal cycle evaluation

Perform 3 x 32 demo on 32 x 32 array

Demonstrate viable interconnect scheme for 32 x 32 array
Design particle rejection scheme

Design flight-worthy FEA

R.L. Kelley Con-X Facility Science Team Meeting - CfA - September 18-19, 2002
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@ TRL-6 Definition

TRL 6 definition:

System or sub-system prototype demonstration in relevant environment

System:

Full-sized calorimeter array with cold and warm electronics. Full 32 x 32
read-out not necessary, but the extension from 3 x 32 to 32 x 32 must
be possible through replication of existing hardware, and not further
development.

Relevant environment:

Operation in an ADR (relevant magnetic environment), but not
necessarily a Con-X flight ADR design.

Vibration and thermal cycle tests to be done at the component
(calorimeter array) level.
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_ @ ! TES Milestones
FY02

Determine baseline compact pixel design.
Study thermal cross talk and determine baseline array structure.

Incorporate “mushroom” absorbers with appropriate heat capacity
onto compact pixels and evaluate thermalization performance.

Build up test platform for 2 x 8 demo.

Complete study of L2 radiation environment and impact on focal
plane array and basic irradiation tests.
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@ TES Milestones, continued

FYO03

Determine baseline absorber design for TRL-6 demo

Determine baseline TES design for TRL-6 demo
Develop MUX and digital processor capable of reading out 2 x 8 demo

Complete electrical system model to understand susceptibilities to
cross talk and pickup

Build and qualify 8 x 8 array

* Individual pixel performance

« perform component vibration

* repeated thermal cycle evaluation

Perform 2 x 8 demo on 8 x 8 array

R.L. Kelley Con-X Facility Science Team Meeting - CfA - September 18-19, 2002
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counts

20

T T T T
Deconvolved FWHM (ev) = 2.833 +/— 0.126
Reduced Chi—Squared =  0.5889

Al Ka
2.8eV FWHM

Reduced Chi—Squared =

300 x 300 um TES on 3 mm membrane

T T
Deconvolved FWHM (eV) = 2.431 +/- 0.108
[Reduced Chi—Squared =  0.8841

Al Ko
2.4 eV FWHM

L
1.485 1.49 1.495 1.5
Energy (keV)

T T T
Deconvolved FWHM (eV) = 3.676 +/— 0.201

0.4554

K Ka
3.7eV FWHM

Reduced Chi—Squared =

" Mn Ko

T T T
Deconvolved FWHM (eV) = 6.077 +/— 0.107

1.3283




cekellati, 5,

Testing Pixels with Con-X size

G

smmmmemmmmmmmm Individual TES devices

designed to have different
thermal conductance to
allow parameterization.

] TES on Silicon Nitride Membrane P
3001 Thermal Conductance at 0.1 K @.@éé X
] &
@ P
250 @é@@ 3
s & o@“ﬁ *
2 5904 \%éo
g | X X
! g A0 first Bi device
=5 um membrane E |
E 100 -
2 ] § slotted membranes
50
’ 20 10 | 180 | 20 | 230
perimeter (um)
GSFC
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B (@C))] Results from Compact TES Pixels

Energy Resolution =2.5 eV (FWHM)

« Mo/Au TES
« Compact pixel design (300 um)
«  Continuous membrane thermal

isolation (i.e., no slits!)

60

40
T

Paves the way for faster,
more robust pixels for Con-X.

Counts

20

= S
° 1.485 1.49 1.495 1.5
Energy (keV)

GSFC
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AL .
B @ TES Fabrication Examples

harp
hotolithograph

| i

Array of identical 150 micron devices. Soon will
make these with 250 and 400 micron
“mushroom” absorbers. The Bi absorbers shown
are the size of the stem in the mushroom.

GSFC
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@J Micromachined Bi Absorbers

Proof of concept for
fabricating x-ray
absorbers in array
format with high filling
factor.

Con-X Facility Science Team Meeting - CfA - September 18-19, 2002 32
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R(ED)

SQUID Multiplexer Scheme

TE : 2E = 3 :
= 2 ®= =20 = = 2 s
=% % 53 3 :Z 3
82 £ 8% £ 82 £
sQUID | |
Bias é
Boxcar Modulation é
Functions ? ?
(can be from Cryogenic Detector ~ g w
CMOS MUX) Bias |
— Il =N Series Array
g STES TES TES SQUID (4K)
= [ ] [ ] - ;ﬁ%‘u al sl
time a N/ N2 Ry o5 ¥ L
- L}i - ng - %_3? Multiplexer
o STES STES STES chip(s)
= S I O I O :’/*‘\‘u ;/*\“u-- ________ ;/*%u
: % ; L
Hime R u\*/ % R é—g\xj % Ry| 3¢ t, ] Detector
| i i | i chip(s)
= STES TES
Z 1RO Ll sl aul
time RA %\x/ ;gl - %\x/ §§L RAJ%\*/gtl 1
NIST/Boulder
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SQUID Multiplexer

U]H]DJLULHU]D]

N Vi IF’ i 58 KA

« 32-channel MUX. (Need 32
chips to instrument kilopixel
array.)

* First-generation MUX deployed
in astronomical instrument
(FIBRE) with GSFC

« Second generation improves
crosstalk & power

850 950 1000 1050 1100

* Switched digital feedback is
working

» Can sample at 1.6 MHz line rate

« Sufficient performance for 2 x 8
demo array

* Need to increase bandwidth for
full instrument
Hi NS NIST/Boulder
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< @) NTD Calorimeter with Sn Absorbers

>

80 90
Q.E. = 100% Q.E. = 96%
70{ 80 Mn Ko
Si Ka
70
60 -
60
50 - W Mo
£ | a8+-03ev| £% 48+-05eV
% 40 - . -v.oe g Mn Ka2 . -U.oe
o o) |
O ¢ O 40 4
30 } .
W Ma, Si KB 30
20 - 20
10 7 10
0 0 v I, -
1700 1750 1800 1850 1900 5860 5880 5900 5920 5940
Energy (eV) Energy (eV)

SAO
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